Graphene in spintronics [1] has so far primarily meant spin current leads of high performance because the intrinsic spin-orbit coupling of its π electrons is very weak [2] [3] [4] . If a large spin-orbit coupling could be created by a proximity effect, the material could also form active elements of a spintronic device such as the Das-Datta spin field-effect transistor [5] , however, metal interfaces often compromise the band dispersion of massless Dirac fermions [6] . Our measurements show that Au intercalation at the graphene-Ni interface creates a giant spin-orbit splitting (∼ 100 meV) in the graphene Dirac cone up to the Fermi energy. Photoelectron spectroscopy reveals hybridization with Au5d states as the source for the giant spin-orbit splitting. An ab initio model of the system shows a Rashba-split dispersion with the analytically predicted gapless band topology around the Dirac point of graphene and indicates that a sharp graphene-Au interface at equilibrium distance will account for only ∼ 10 meV spin-orbit splitting. The ab initio calculations suggest an enhancement due to Au atoms that get closer to the graphene and do not violate the sublattice symmetry.
Introduction
Graphene shows fascinating electronic properties due to its structure consisting of two equivalent sublattices A and B that determine its band structure with the linear dispersion near conical K and K ′ points in reciprocal space. A and B are identified as a pseudospin, and the isospin indicating K and K ′ valleys is a conserved quantum number [7] . In addition to the pseudo-and isospin, also the real spin is recently being considered important in graphene [1] [2] [3] [4] [7] [8] [9] [10] [11] [12] [13] . The main contribution to the intrinsic spin-orbit splitting originates from the coupling to graphene d orbitals [10] . The resulting splitting is just of the order of 0.01 meV [11] which means together with the high carrier mobilities in graphene a large spin coherence length with measured values reaching 1.5-2 µm [2-4]. The theoretical predictions are even by an order of magnitude higher so that it is at present unclear whether these values represent practical limits [8] .
We have recently measured a graphene spin-orbit splitting of ∆ so = 13 meV [13] . This splitting occurs in the system graphene/Ni(111) after a Au layer with one atom thickness is intercalated by heating between the graphene and the Ni [14] . This Au layer serves a dual purpose: on the one hand, it transforms the strongly bonded [6] graphene monolayer on Ni(111) into an electronically quasifreestanding structure. This decoupling effect is apparent from the resulting linear quasirelativistic π bands of the graphene, i. e., the Dirac cone [13, 15] .
On the other hand, the Au interlayer produces a different type of the spin-orbit splitting through an extrinsic effect. Indeed, the spin-orbit coupling is known to be important at the surface of Au [16] and in Au nanowires [17] , and Au(111) is frequently considered a model for a Rashba effect induced by breaking up-down symmetry [16, 18] . For graphene with its 2-atom basis (sublattices A and B) and an additionally broken up-down symmetry, the band dispersion including spin-orbit coupling has been calculated in Ref. [19] . In zero magnetic field, the dependence of the spin polarization on the two-dimensional electron wave vector k was found. The band topology was predicted to be similar to that of the unbiased spinless graphene bilayer but with an additional spin texture which is tangential to the circular constant-energy surfaces. The effect couples spin and pseudospin in such a way that contributions from both A and B sublattices can lead to a substantial spin interference in the photoemission process [20] .
Experiment
In the present Communication, we show by spin-and angle-resolved photoelectron spectroscopy that an extrinsic spin-orbit splitting ∆ so of the order of 100 meV can be obtained in graphene near the Fermi energy, i. e., an enhancement by an order of magnitude relative to our previous finding [13] . We will show that we can very well identify the type of superstructure characterising the graphene-Au interface in good agreement with the bulk lattice constants of graphene, Au, and Ni. We determine very clearly the spin-dependent hybridization at the interface and its change with the superstructure. Based on ab initio calculations, the giant size of the spin-orbit splitting must be understood as resulting from more dilute Au at a closer distance to the carbon atoms than in a Au monolayer, either as adatoms above or below the graphene layer. Figure 1 shows spin-and angle-resolved photoemission measurements of graphene/Au/Ni(111). Part (a) shows the π band with its linear quasirelativistic dispersion, and crosses indicate where spin-resolved photoemission spectra (b-d) have been measured. The splitting between spin-up spectra I ↑ (E) (upward triangles) and spin-down spectra I ↓ (E) (downward triangles) is clearly visible and amounts to 90 meV at k = 1.65Å −1 and −105 meV at k = −1.65Å −1 . Apparently, the sign of the splitting reverses with the sign of k , as expected for a Rashba effect. This giant spin splitting constitutes our central experimental result. The splitting exceeds also the room-temperature broadening, and together with the fact that it extends to the Fermi energy, this makes it directly relevant for transport applications. In fact, transport properties of graphene with an externally produced (Rashba-type) spin-orbit splitting have been intensively investigated in recent years [21] [22] [23] and important predictions for such a constellation of graphene have been published: the spin Hall effect [21] and the quantum spin Hall effect [7, 22] and, with an additional exchange interaction, the quantum anomalous Hall effect [23] .
To establish connection between our previous 13 meV data and the new 100 meV data, we undertook closer inspection of the spin-resolved spectra of Dashed lines in Fig. 2c show where we probed the hybridization points by spin-resolved spectra (Fig. 2d ). These spectra reveal that the giant spin splitting of the π-band smoothly merges into an even larger spin splitting (∼ 0.6 eV) of the Au5d states. This is strong indication that this spin-dependent Cπ-Aud hybridization with the heavy Au is the source of the giant Rashba splitting in the graphene.
Interestingly, when more Au is initially deposited, it forms after the intercalation a slightly different 8 × 8 superstructure. The Supplementary Material (Fig. S1) shows that it is characterised by an extra hybridization with other Aud states in the π-band. This hybridization does not enhance the giant spin-orbit splitting further (Fig. S6) , which indicates already that the differences between the 9 × 9 and 8 × 8 superstructures do not play a role for the giant spin-orbit splitting.
Theory
We want to turn to ab initio theory in order to verify the giant spin splitting. Modelling the 9 × 9 or 8 × 8 superstructure of graphene/Au, which would increase the unit cell by two orders of magnitude over that of graphene, is unnecessary because of the similar spin-orbit splitting for the two superstructures. A p(1 × 1) structure and on-top position for graphene on 1 monolayer (ML) Au has instead been chosen (Fig. 3a) .
The distance between the graphene and Au monolayer is a parameter of enormous influence on the spin-orbit splitting of the graphene. The fact that also the Fermi energy varies characteristically with this distance allows us to connect to the experiment: The experimental Fermi level corresponds with its slight p-doping (hole doping) to 3.3-3.4Å in the theoretical model, and this data is shown in Fig. 3a . 3.3Å is also the equilibrium distance calculated before for graphene/Au(111) [28] . According to analytical prediction, the band topology is peculiar around the K point with two pairs of bands -a gapped one and a non-gapped one [19, 20] . This analytical model [19, 20] does not assume any specific surface configuration. The bands have so far been confirmed for freestanding graphene in a supercell geometry by density functional theory calculations for an applied field E = 4.0 V/nm [10] but not yet for the field E realistically replaced by an interface to Au. This was done in Fig. 3a which shows the spin-orbit split bands at the Dirac point at K for the on-top geometry. In the inset, these ab initio results (symbols) are magnified near the Dirac point and compared to the dispersion of the analytical model (solid line), which is fully confirmed. This is also important for the predicted magnetic-field dependence [19] . In agreement with the experiment, our ab initio calculation reveals Cπ-Aud hybridization as the source of the spin-orbit splitting in the graphene. The graphene π-band (p z orbitals)
hybridizes indeed with the deeper Au5d bands of d z 2 and d zx type because of their matching symmetry. Despite the large distance of 3.3Å the hybridization is strong which has not been considered in the literature in connection with graphene-noble-metal interfaces. This is best seen after the spin-orbit coupling is turned off leaving only gaps caused by hybridization:
we determine hybridization gaps of widths E g,z 2 ≈ 0.8 eV and E g,yz ≈ 0.5 eV (see is included in the calculation (see Fig. S12 ).
The spin-orbit splitting in Fig. 3a is 9 meV near E F but increases strongly when the distance between graphene and Au is reduced (see Fig. S10 for the detailed behaviour with the distance). On the other hand, the Dirac cone is destroyed at closer graphene-Au distance, giving, e. g., for 2.5Å a band gap at K of 40 meV. The reason for this is the broken A-B symmetry of carbon atoms in the on-top geometry ( Fig. 3a) which, remarkably, does not manifest itself very much at larger distances. A hollow-site geometry, instead, preserves the A-B symmetry in the graphene, see Fig. 3b . Consequently, an intact Dirac cone is obtained in the hollow-site geometry also for smaller graphene-Au distances such as 2.5Å
in Fig. 3b . We are very well able to obtain at this arbitrary interlayer distance of 2.5Å a giant spin-orbit splitting of ∼ 70 meV. However, such close distance costs as much as 1 eV relative to the equilibrium separation and is thus unrealistic. While the giant spin-orbit splitting apparently is difficult to reproduce by density functional theory in equilibrium, the intact Dirac cone is not. The intact Dirac cone is presently obtained with p(1 × 1)
on-top graphene/Au and has also been found for p(1 × 1) graphene/Cu(111) where the on-top position is determined to be energetically favourable [28] . Relative to this p(1 × 1)
on-top geometry which implies maximum A-B symmetry breaking, a moiré superstructure such as the 9 × 9 one necessarily breaks the A-B symmetry to a lesser or vanishing degree which is favourable for obtaining an intact Dirac cone. After having investigated other laterally shifted positions of the p(1 × 1) overlayer and a 4 × 3 moiré superstructure as well as corrugation in the graphene all yielding spin-orbit splittings of the order of 10 meV at equilibrium graphene-Au distances, the conclusion is that the giant spin-orbit splitting will not be accounted for by the sharp graphene-Au interface alone that our structural characterization by LEED and STM suggests as simplest case. This means that a model for a realistic splitting will have to include individual Au atoms which then can obtain a higher coordination to the carbon and due to the resulting attraction and shorter distance exert a stronger spin-orbit coupling on the graphene π-states. As seen above, critical is at small graphene-Au separations the preservation of A-B symmetry which leads us once again to the hollow site geometry. Figure 3c shows this situation for graphene/0.25 ML Au in a p(2 × 2) structure with the Au in the hollow site relative to the graphene. The vertical distance of the Au to the graphene layer is 2.3Å which (as distinct from the Au monolayer of Fig. 3b ) is near the equilibrium determined by our structural optimization. Figure 3c shows that this structure enhances the spin-orbit splitting to values between 50 and 100 meV while keeping the characteristic band topology and the Dirac point. This demonstates that our experimental results are also plausible theoretically.
The 9 × 9 and 8 × 8 structures will include in the simplest case a substantial amount of Au atoms arranged in the hollow sites of graphene [24] but this does not imply a reduced distance, especially if one considers that 9 × 9 is also the structure which a Au monolayer alone forms on Ni(111) [29] . Therefore, the 9 × 9 and 8 × 8 superstructures are probably not relevant for the giant splitting and both give rise to only ∼ 10 meV splitting.
The previously measured data [13] were characterized by a smaller ∼ 13 meV spin-orbit splitting, and this low-splitting phase is principally in agreement with our present calculations for the full Au monolayer. The published [13] band dispersion measured along ΓK reflects the presence of a sample with structural defects. It contained substantial contributions of rotated domains visible as characteristic ΓM dispersions appearing along ΓK (see Fig. S2 ) which is not the case in the present data even when the amount of intercalated Au is varied systematically from zero to more than 1 ML (see Fig. S1 ). The intercalation process under the graphene, including that of Au, is a present far from understood. The accepted main route is via defects in the graphene [30] , and for large molecules this can be confirmed by STM directly [31] . The presence of many domain boundaries facilitates the intercalation and apparently results in the low-splitting phase. Intercalation of Au works, however, also in samples which are free of defects over large distances. The temperature of intercalation and that of the initial graphene formation are very similar in the graphene/Au/Ni(111) system so that an opening and closing of the graphene appears possible during intercalation. This could lead to more Au locally closer to the graphene, either as subsurface Au or as adatoms.
The p(2 × 2) plot of Fig. 3c is useful for demonstrating that an enhancement of the spinorbit coupling in graphene by sparsely distributed Au atoms is possible in an equilibrium structure but it does not imply that the Au arrangement possesses such an ordered structure.
We can exclude that the Au atoms substitude carbon atoms. Their size would correspond to two carbon atoms and the resulting distortion would manifest itself in STM. Another possibility are non-intercalated residual atoms above the graphene for which we have no direct experimental evidence. We mention that such atoms cannot be detected by our STM technique because they should be highly mobile on graphene and shifted along by the STM tip. In order to explore a realistic model which includes the Ni substrate, the band dispersion for a structure of graphene sandwiched between 0.25 ML Au and 1 ML Au on top of 3 ML Ni has been calculated as well (Fig. S11) and gives practically the same Dirac cone with giant spin splitting as in Fig. 3c .
Summary
In summary, we report a giant Rashba splitting in graphene in contact with Au up to 100 meV that is caused by graphene-Au hybridization. A flat Au monolayer can account for only ∼ 10 meV spin-orbit splitting as has been reported in Ref. [13] , whereas a structure including laterally more separated Au adatoms residing in hollow-site positions closer to graphene, gives at the equilibrium graphene-Au distance rise to the enhanced splitting of ∆ SO ∼ 50-100 meV, a realistic Fermi level position, and an intact Dirac cone. We attribute simultaneous presence of both 100 meV and 10 meV splittings to the coexistence of areas without and with extra Au either as adatoms or immersed into the graphene. mbar.
Methods

Angle
The calculations have been conducted in the generalised gradient approximation [37] to density functional theory, using the full-potential linearised augmented planewave method implemented in the FLEUR code [38] . We use a plane-wave cutoff of 7.37Å −1 and muffin-tin radii of 0.68Å for carbon, 1.22Å for Au and 1.16Å for Ni. The potential is calculated selfconsistently with, e. g., for the calculation of Fig. 3a , 49 k points in the two-dimensional Brillouin zone. Spin-orbit interaction is treated self-consistently as described in Ref.
[39].
For simplicity, the Au monolayer was assumed to be pseudomorphic [p(1 × 1)] to the graphene (graphene lattice constant 2.489Å) and to the Ni(111) substrate with the same area density of Ni(111). This is also the basis for the 0.25 ML Au in the p(2 × 2) structure.
The important Au-graphene distance has been chosen in Fig. 3a Underneath the graphene, this structure is rather stable since independently of the exact amount of intercalated Au, these p(9 × 9) islands always co-exist with areas which resemble cluster superlattices (marked with green arrows). Those areas can be attributed to the formation of an interfacial alloy between Ni and Au under the graphene. Such surface alloy has been observed for Au/Ni(111) after annealing [Ves05] . However, these clusters cover only a minor part of the sample surface and were not found relevant to our results. The fact that to the Au as shown in the geometry sketch of Fig. 3(a) . This effect from the staggered potential causes a splitting of the Dirac cone of a few meV for large graphene-Au distances but it increases strongly for short distances breaking the Dirac cone. Nevertheless, we have also investigated which principle influence the Ni substrate underneath has.
Colors mark states with a high probability at the graphene (red), Au monolayer (violet), and Ni substrate (grey). The experimental lattice constant of Ni(111) agrees within 1% to that of graphene and was chosen to be equal here. The Au monolayer was compressed to the same lattice, as before.
The distance graphene-Au was set to 3.3Å. This distance nicely reproduces the position of the graphene states from the experiment. The same distance was used in the graphene-Au bilayer model of Fig. S10 but we observe that between these two models the binding energies of the Au5d bands suffer considerable changes due to the Ni substrate, mainly Au-Ni hybridizations which make the Au5d bands difficult to distinguish. The d zx band from Fig. S11 originating at -2 eV at Γ and arriving at -6 eV at K can be distinguished also here. A new Au5d state appears at -1.5 eV at K.
The Au sp band of Fig. S11 is not observed in the experiment, and the present figure shows that the reason is that this band is very strongly hybridized with the Ni and disappears as a well-defined band. shows an almost vanishing spin polarization at k = 0, as expected for a Rashba effect, and a rather clear reversal for −k if we take into account that the spin polarization of Au5d states is also subject to spectroscopic effects such as the linear dichroism of Au5d emission [Sto91] which do not reverse with the sign of k . This means that the Rashba-type spin-orbit splitting of the graphene π states is accompanied by a Rashba effect on the Au monolayer itself. Such effect has similarly been observed for Au/W(110) [Shi08, Var08b] .
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